We present a study of nickel-silicides ordered alloys by means of first-principles calculations. Emphasis was put on the phases (low and high temperatures) identified in the binary phase diagram, namely: Ni 3 Si-␤ 1 , -␤ 2 , and -␤ 3 , Ni 31 Si 12 -␥, Ni 2 Si-␦, -, Ni 3 Si 2 -, NiSi-MnP and NiSi 2 -␣. In addition, some common structures are computed for information: L1 2 , D0 3 and D0 22 . The simulations reproduce with a high accuracy lattice parameters and formation energies of main experimental structures, except for ␤ 2 and ␤ 3 . Our results clarify the crystallographic nature of the ␥ structure, and the comparison of experimental Raman spectra and vibrational calculations will help experimentalists to identify without ambiguity NiSi 3 structures.
Introduction
Nickel silicides are used for contacts in complementary metal oxide semiconductor (CMOS) devices to reduce the resistance between the Si substrates and electrodes, and also as gate electrodes to improve gate sheet resistance and poly-depletion. Knowledge about the structure and properties of nickel silicides is therefore critical to be able to control and understand their formation during reactive diffusion at the nanometer scale. Recent works suggest the stabilization of new phases in the ultra-thin film regime. Such findings clearly spurs in-depth work on the stability of nickel-silicon phases.
Ni-Si phase diagram has been assessed by Lindholm [1] , and Tokunaga [2] , either from experimental data, or from DFT calculations.
The aim of this paper is to revisit nickel-silicide systems by means of first-principles methods. Emphasis has been put on phases present in the phase diagram, as well as some metastable systems. Their formation energies and ground properties are discussed according to the experimental measurements and assessed values available in literature. The phase diagram described by Massalski [3] (see Fig. 1 ) is composed of 13 phases: three polymorphic Ni 3 Si structures (␤ 1 , ␤ 2 and ␤ 3 the low and high temperatures phases respectively), Ni 31 Si 12 (␥), two polymorphic Ni 2 Si structures (␦ = C23 and = B8 2 ), Ni 3 Si 2 = , NiSi (MnP) and NiSi 2 (␣ = CaF 2 ). We do not discuss about NiSi 2 -␤ and Ni 3 Si 2 -′ because of absence of experimental data.
Some complementary structures are presented: Ni 2 Si/NiSi 3 -D0 3 , -D0 22 , the Ni 5 Si 2 phase (D8 h ) used by Tokunaga [2] to describe ␥, Ni 2 Si (C37 prototype), NiSi 2 (CaCl 2 = C35), and NiSi-L1 0 .
Computational details
Ni-Si alloys have been computed by means of the density functional theory (DFT) (Vienna Ab initio Simulation Package, VASP [4] ). The Perdew-Burke-Ernzerhof [5] (PBE) generalized gradient approximation of the exchange and correlation functional within its spin-polarized version and projected Augmented Waves pseudo-potentials [6] (PAW) have been used in this study. We have employed a 400 eV energy cut-off, and dense mesh grids (around 5000 k-points atom/cell) to optimize unit cells. For example, it corresponds to 17 × 17 × 17 k-mesh grid for cfc-Ni or Si-diamond, and 4 × 4 × 8 for Ni 3 Si 2 (80 atoms in the unit cell). To compute formation energies, finest grids (around 10,000 k-points atom/cell) and higher energies cut-off (500 eV) have been adopted, this provides a sufficient convergence (around 1 meV/atom). used reproduce with a great accuracy lattice parameters, and elastic properties (see results presented in Ref. [7] ). The cohesive energies are found in agreement with literature: 4.83 eV and 4.57 eV. These values are in good agreement with experimental data 4.44 eV and 4.63 eV for nickel and silicon respectively [8] . In the case of nickel, it has been shown that the DFT cohesive energy is overestimated by 0.1-0.3 eV (see the discussion Ref. [9] ).
3.2.ˇ1 ,2,3 -Ni 3 Si
At 25% in composition in silicon, three polymorphic phases have been identified, labeled ␤ 1 , ␤ 2 , and ␤ 3 .
␤ 1 is the low temperature phase. It is a L1 2 -type structure (2 2 1 space group), where Si and Ni are located in 1a, and 3c Wyckoff positions respectively. The lattice parameter is 3.506Å [10, 11] . Simulations reproduce with a great accuracy this lattice parameter (discrepancy <1%, see Table 1 ). One finds in the literature only one value for its formation energy (Tokunaga 2003 [2] ). We notice a small, but significant, disagreement between our calculated value and the value given by Tokunaga. In their paper, they do not indicate the magnetic state used for nickel-fcc. We have evaluated the difference between the formation energy of nickel without magnetism and with magnetism: E = E(Ni mag ) − E(Ni non mag ) ≃ 50 − 60 meV/atom. E corresponds well to the difference between our value and the one from Tokunaga. We conclude that they have neglected the magnetism in their simulations, which induces a small shift between the formation energies presented here and theirs.
Whereas the ␤ 1 phase is well described in the literature, the crystallographic nature of the two other polymorphic ␤ structures do not remain clear. For Ram [12] , ␤ 2 and ␤ 3 are squaring with two phases with the same monoclinic structure, with Cu 3 Au prototype (D0 15 No. 12, 4g, 4i, 8j for Si and Ni positions respectively). The lattice parameters of these two structures are found slightly different, and they concluded that these two phases may exhibit probably "a different order". On its side, Bhan and Kudielka [13] have identified two structures at high temperatures but with the Pm3m group symmetry (No. 221, CsCl prototype). Finally, Leballi and Hamar-Thibault [11] have identified two other structures with the same Pnma group symmetry (No. 62, orthorhombic Fe 3 C prototype, where Si are located in 4c position and Ni in 8d). The only crosscheck has been made by Song and Jin [14] , who have recently synthesized ␤ 3 -Ni 3 Si nanowires with a monoclinic Bravais lattice. This last results seem thus to confirm Ram's data.
To clarify experimental results, we have computed five structures with different point groups: D0 15 , D0 11 , P2 1 2 1 2, D0 3 and D0 22 . Results are summarized in the Table 1 . Any simulated lattice parameters correspond to any experimental data. For example, in the case of D0 11 or D0 15 structures, the discrepancy with experimental observations is strong. Intrinsic defects, temperature or disordered structure -these phases have been identified at high temperature -could explain the discrepancy between the theory and experimental observations.
: Ni 31 Si 12 or Ni 5 Si 2
At an intermediate composition (around 28 at.% Si), one finds one crystallographic structure labeled ␥. The symmetry, reported by Franck [15] , is hexagonal (hP14) with the Ni 31 Si 12 composition (space group No. 150). We have reported in the Table 2 their Wyckoff atomic positions. It is a complex structure with 43 atoms per unit cell (see Fig. 2 ).
For Leballi and Hamar-Thibault [11] , ␥ should have a hexagonal symmetry but with an other space group (No. 194) and an other composition: Ni 5 Si 2 , composition closed to the one proposed by Franck. Nickel are then put in 2a, 2b, 4f, and silicon in 4f positions.
To work out the disagreement, we have studied both structures and compared DFT lattice parameters and formation energies with those published in the literature [2, 16] . We find that the optimized lattice parameters are in agreement with experimental data associated with the structure proposed by Franck (less 1% of discrepancy). At 0 K, Ni 31 Si 12 is moreover more stable than Ni 5 Si 2 , and its calculated formation energy agrees well with the assessed value [2, 16] . All these results indicate that ␥ should be Ni 31 Si 12 . 
ı-and -Ni 2 Si
Two allotropic forms are reported for Ni 2 Si (Toman [18] , and Föll et al. [22] ): labeled ␦ and , the low and high temperature structures respectively (see phase diagram from Richter et al. [23] , Fig. 3 ). The more thermodynamically stable phase at low temperature is the ␦ structure. ␦-Ni 2 Si is an orthorhombic structure with the space group No. 62 (oP12). All atoms are located in 4c positions (see Fig. 4 ). We reproduce experimental lattice parameters, and the formation energy is in the same range as the assessed value proposed by Oelson and Samson-Himmelstjerna [16] .
The second structure --Ni 2 Si -has a hexagonal symmetry, with the space group No. 182. Nickel and silicon are located in 2a, 2d, and 2c sites respectively. It is a high temperature phase, only one measurement has been reported (measured by Toman [18] ). The optimized lattice parameters are found slightly greater than the experimental ones (around 2-3%). From an energetic point of view, we find also that is less stable than ␦.
-Ni 3 Si 2
The Ni 3 Si 2 -phase has been described by Pilström [24] . This orthorhombic phase is a complex structure with 80 atoms per unit cell (space group No. 36, Fig. 5 ). We report the atomic position in the Table 3 . As for previous systems, first-principles calculations (see Table 1 ) yields, with a good accuracy, experimental lattice parameters. Table 3 Wyckoff atomic positions of Ni3Si2 () orthorhombic structure (space group No. 36, Cmc21) from Ref. [24] . 
MnP-NiSi
The MnP-NiSi structure (oP8, space group No. 62) has been already characterized in a previous work [7] . Lattice parameters have been found in agreement with experimental data, and we have found that the formation energy is slightly smaller than the value used by Lindholm and Sundman [1] in his assessment. 
3.7.˛-NiSi 2
Up to 50% in silicon, only one phase at low temperature has been identified: NiSi 2 with the cF12 crystallographic group (CaF 2 prototype). The unit cell is composed of three atoms per unit cell. The optimized lattice parameter is found in agreement with the experimental value [21] (<1%), its formation energy is found greater than other Ni-Si system. 
Table 4
Symmetry and frequencies (in cm −1 ) of modes ␣-NiSi2 in Ŵ. We report all experimental data associated by Zhao at ␣.
Theo.
295 (T1u, IR) 316 (T2g, R) Expt. [25] 232 297 320 402
In the literature, Zhao has measured its Raman shifts [25] . We have thus calculated vibrational frequencies (ESPRESSO [26] , DFTP calculations), and reported in the Table 4 frequencies in Ŵ. Although we can not compute Raman spectra due to the metallic nature of the phase, we can compare Ŵ frequencies. There are 6 non-zero frequencies, grouped in two irreducible representations: T 2g , and T 1u . The first one can be Raman active and the second one infrared active. We report also frequencies of NiSi-MnP phase at the Ŵ point in the Table 5 calculated in an other way [7] . The group theory can associate vibrational modes in accordance with the irreducible representations (D 16 2h point group): A g,u and B g,u . Only "gerade" modes are Raman active, whereas the "ungerade" modes are infrared active.
Our simulations reproduce with accuracy all experimental Raman shifts [25] . We can note that only one mode can be associated to NiSi 2 (320 cm −1 ), other peaks are those of MnP-NiSi.
3.8. NiSi-L1 0 , NiSi 3 -L1 2 , -D0 3 , and -D0 22 , and Si-A1
For information, we have investigated three NiSi 3 structures (L1 2 , D0 3 , and D0 22 ) and NiSi-L1 0 (see Table 1 ). For all these structures, formation energies are found positive.
Concerning Si-A1 (fcc) structure, our results and those of Tokunaga [2] are in very good agreement. 
Electronic properties and conclusion
We have calculated and plotted Fig. 6 electronic density of states of experimental systems. The Fermi levels have been aligned to facilitate the comparison. The Fermi level position is considered as very important for the stability of the intermetallic compounds.
We note that Fermi energies are close to a local minimum, except for ␥. However, lower N(E f ) (per atom) are not associated to the more stable systems. Ni 3 Si-L1 2 and Ni 3 Si 2 -have lower density of states (around 0.15 states/eV/atom), while the more stable system has a higher N(E f ) (␦, with 0.46 states/eV/atom).
We provide a projected eDOS analysis on s, p and d orbitals. At low energy, for all the density of states, one finds that the s states from silicon are separated from the d states by an energy gap. At the Fermi level, d states of Ni are hybridized with the p states of silicon, and they form the bonds. One can note also that Ni-Si alloys are all non-ferromagnetic systems, in agreement with experimental findings [27] .
In conclusion, in this work we have performed a systematic study by means of the DFT of lattice parameters and formation energies of nickel-silicides ordered alloys. As we have shown, for main experimental systems, our simulations reproduce lattice parameters and formation energies with a good accuracy. Fig. 7 , we have summarized results on formation energies of all phases at 0 K. The importance of this binary system in many fields of application suggests that this new set of data should be used in assessments containing Ni-Si binary systems.
